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FOREWORD 
The science of seismology has made major contributions to human welfare. It has given us 
our basic understanding of the interior of our earth, a scientific and technical base for ex- 
ploration for the oil and mineral resources so necessary to our economy, the means for 
lessening the hazards of earthquakes, and the scientific and technical knowledge essential 
to certain international political interactions and military efforts. Recent scientific and 
technological developments as well as changes in the base of support have made necessary 
a review of the progress of the science. This report by the Committee on Seismology serves 
that purpose and makes recommendations that, it is hoped, will increase the effectiveness 
of seismology in service to the nation. 
Philip Handler, President 
National Academy of Sciences 
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Seismology is the study of earthquakes and attendant phe- 
nomena. The past two decades have seen rapid growth in 
the field of seismology as the science has been increasingly 
called upon to help meet vital needs of the nation. Part of 
this growth was associated with the general expansion of 
scientific research and technology that followed World 
War 11, coupled with an expanding exploration program for 
petroleum. Much of this growth was spurred and under- 
written by the Vela-Uniform Program of the U.S. Depart- 
ment of Defense. And part of it was related to and grew 
out of the vast International Geophysical Year program of 
multination cooperative scientific research and the subse- 
quent program, the Upper Mantle Project, an intensified 
investigation of the outermost 1,000 kilometers of the 
earth 
The Vela-Uniform Program, begun about eight years ago, 
has been a medium for major expansion of the field of 
seismology. Its main purpose is to improve our nation’s cap- 
ability to detect remote underground nuclear tests. Its pri- 
mary scientific tool is seismology. It has contributed to the 
growth of the science by stimulating and supporting a great 
increase in the number and variety of seismologic research 
programs, in the improvement of instrumentation and tech- 
niques, in our knowledge of the characteristics and behavior 
of elastic waves in the earth, and in prospects for increasing 
and improving the application of seismology in civil and 
mining engineering, prospecting, and many other vital ac- 
tivities of man. 
Vela-Uniform activities have been undergoing reorien- 
tation, with a changing program emphasis that markedly 
decreases support for basic research in seismology. The In- 
ternational Geophysical Year ended a decade ago, and the 
Upper Mantle Project is in its final years. These programs 
have brought seismology in the United States to a position 
of world leadership. But as they end or are redirected, they 
leave much of the field with decreasing support for worth- 
while older objectives, while advances and potentials within 
the field are leading to exciting and necessary new ones. 
The hard core of seismologic manpower built during these 
years is excellent in quality, and there have been large ad- 
vances in equipment and technology. These assets should 
not be dissipated now, for the nation requires today, more 
than ever in the past, knowledge of the nature of destruc- 
tive earthquakes and the means to cope with them, includ- 
ing a comprehensive and effective observational network to 
monitor current seismic events, a steady output of well- 
trained seismologists to carry on the search for oil and min- 
eral wealth, and an understanding of earth structure and 
tectonic processes to provide a solid base for man’s exploi- 
tation of the earth’s resources and for safe and satisfying 
use of the living environment it gives him. A revolution in 
our understanding of earth processes appears to be in prog- 
ress, a revolution that will affect all the earth sciences and 
one in which seismology plays a key role. At such a time, 
a strong basic program in seismology is vital. 
For these reasons, the present appears to be a critical 
time for seismology and for its potentials for service to the 
nation. A fresh assessment of the status of the science seems 
essential-its past, the present, and its prospects and orienta- 
tion for the future. 
V 
This report has been prepared by the Committee on Seis- 
mology of the Division of Earth Sciences, National Research 
Council. The report is divided into two parts: Part I, Sum- 
mary and Recommendations; and Part 11, Problems and 
Prospects. Each part is intended to be complete within the 
context of its particular purpose. 
Part I, Summary and Recommendations, summarizes es- 
sential background information and lists the Committee’s 
major recommendations and comments. Part I is intended 
primarily for use of those for whom a concise version, em- 
phasizing only the essentials, may be of special value. 
Part 11, Problems and Prospects, reviews the history of 
the science of seismology, in the United States in particu- 
lar; discusses the main areas of research effort and interest 
and the main applications of seismologic methods over the 
years; and attempts to provide insights into new or insuf- 
ficiently exploited areas of research and application that 
can benefit the nation. Part I1 is intended to give planners, 
administrators, educators, and students who may be in- 
terested in current and potential uses of seismology a rea- 
sonably comprehensive overview of the science, including 
its relationship to national purposes and its uses and po- 
tentials with respect to achieving these purposes. 
Jack E. Oliver, Chairman 
Committee on Seismology 
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RECOMMENDATIONS 
The Committee on Seismology makes the following six gen- 
eral recommendations regarding the orientation of effort in, 
and support for, the science of seismology in the United 
States. The Committee strongly believes that implementa- 
tion of these recommendations can provide substantial 
benefits to the nation in the next few decades. 
1. There are cogent economic, social, political, military, 
and intellectual reasons why seismology should receive 
strong national support. During the past decade, seismolo- 
gists have contributed greatly to the successful attack on 
the nuclear test detection problem, and considerable scien- 
tific talent has been developed as a result of that effort. The 
Committee recommends that new programs be sponsored 
by the federal government so that seismologists can apply 
their special capabilities to an attack on other pressing 
national problems. 
2. The growing urbanization of large parts of the nation 
and the increasing complexity of our technology make our 
culture especially susceptible to serious disruption when a 
major earthquake occurs. At the same time, recent scientific 
progress suggests that with reasonable effort we should in 
the foreseeable future be able to minimize the hazards from 
large earthquakes, predict when and where they will occur, 
and control or ultimately prevent their occurrence. The 
Committee thus recommends that research related to earth- 
quake hazards and to earthquake prediction and control 
constitute a major part of the national effort in seismology 
during the next decade. 
3. Recent discoveries in many branches of earth science 
suggest that sea-floor spreading and continental drift may 
provide the key to a basic understanding of the overall na- 
ture of tectonic processes in the earth. These discoveries 
constitute a major scientific breakthrough, with important 
implications for all aspects of earth science. The Committee 
recommends that development and testing of these hypoth- 
eses and investigation of their economic and scientific im- 
plications be promptly expanded by seismologists in coop- 
eration with other earth scientists. Because of the global 
nature of this phenomenon, much of the work can be 
carried out most effectively through bilateral and other 
cooperative programs involving scientists from many 
nations. 
4. Rapid progress in the areas discussed above, as well 
as in other seismic research, depends critically on the avail- 
ability of plentiful, high-quality seismic data from all parts 
of the world. The Committee recommends that the federal 
government accept the permanent responsibility of main- 
taining a national facility to supply such data to all US. 
seismologists and others who need it, and that both the 
quality and quantity of such data be expanded during the 
next ten years. A basis for this national facility is the pres- 
ent data acquisition and distribution center with its asso- 
ciated World-Wide Network of Standardized Seismograph 
Stations operated by the Environmental Science Services 
Administration (ESSA). The national facility might best be 
funded as a line item in ESSA’S budget. Alternatively, it 
might be funded as a national facility by the National Sci- 
1 
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ence Foundation, perhaps with partial support from other 
interested agencies. In any case, a committee selected to be 
representative of all U.S. research in seismology should 
oversee the operation to insure relevance and effectiveness. 
5. The Committee believes that basic research in seis- 
mology should be unclassified to the greatest extent pos- 
sible, particularly in the universities. The Committee 
recognizes, however, that specific applications in industry 
and government must sometimes be restricted. It cannot be 
emphasized too strongly that both the continued growth of 
the science and the continued training of young scientists 
depend critically upon open communication and vigorous 
support of unclassified basic research. Therefore, the Com- 
mittee recommends that continued support of unclassified 
seismological activities in the universities and other labora- 
tories be recognized as an obligatory and integral part of 
the national effort. 
6. As a means to implement the foregoing recommenda- 
tions, the Committee recommends a national program in 
seismology. Support for this national effort in seismology 
should grow from about $35 million to $50 million per 
year in the next few years and total about $500 million 
over a ten-year period, exclusive of classified research in 
government and industry. 
The Committee on Seismology calls attention to the follow- 
ing reports, which contain recommendations compatible 
with and complementary to those given in this report: 
Toward Reduction of Losses from Earthquakes, NAS- 
NAE-NRC Committee on the Alaska Earthquake, February 
1969; report of the NAE-NRC Committee on Earthquake 
Engineering Research, 1969; The Denver Earthquakes Pro- 
gram, report of an ad hoc panel of the Office of Science 
and Technology, June 1967; Proposal for a Ten-Year Earth- 
quake Hazards Program, report of the Ad Hoc Interagency 
Working Group for Earthquake Research of the Federal 
Council for Science and Technology, December 1968; 
Earthquake Prediction, report of the Ad Hoc Panel on 
Earthquake Prediction of the Office of Science and Tech- 
nology, September 1965; and Solid Earth Geophysics, Sur- 
vey and Outlook, NAS-NRC Publication 1231, National 
Academy of Sciences-National Research Council, Washing- 
ton, D.C., 1964. 
The study upon which this report is based had three basic 
goals: to review critically the status and role of seismology 
in the modern world; to attempt an imaginative forecast, 
tempered with caution and reason, of the role of seismology 
in the society of the future-five, ten, twenty or more years 
from now; and to recommend action aimed at developing 
the technical capability in seismology required to meet 
current and future needs. 
The preceding pages present six general recommenda- 
tions in response to the third goal. The pages that follow 
present more-specific recommendations on a variety of top- 
ics. These include some important technological goals that 
deserve special attention and effort; facilities the science 
will require in order to achieve the stated objectives; the 
roles to be played in seismology by the universities, indus- 
try, the states, and individual agencies of the federal govern- 
ment; manpower requirements and the means to satisfy 
them; and recommended funding for a national program 
in seismology. 
These recommendations result from a broad and com- 
prehensive view of the science of seismology, yet they are, 
perforce, selective. There is special emphasis on the univer- 
sity-government sphere and on the branch of seismology 
devoted to the earthquake phenomenon, for it is here that 
the Committee’s efforts would appear to be most useful. 
There is, however, full cognizance of the interaction of 
earthquake seismology with the more applied and indus- 
trial branches of the subject. Focusing attention on a part 
of the science should not cause the reader to lose sight of 
the overall scope and relevance of seismology in modern 
society, for seismology is concerned with phenomena that 
have long had a variety of important effects on the welfare 
and prosperity of mankind. Sometimes the effects are spec- 
tacular and catastrophic, as when huge earthquakes devas- 
tate large regions and cause great loss of life and property. 
Sometimes the effects are political or military, as in the 
detection of nuclear explosions. Intellectually, the science 
serves as man’s chief source of information about the struc- 
ture, composition, and dynamic processes of the earth’s 
deep and inaccessible interior. Commercially, seismology 
forms the basis for subsurface exploration for petroleum 
and other forms of mineral wealth. 
To gain proper perspective of this very extensive and 
vital commercial application, and the relative importance 
of other branches of seismology in terms of dollars, con- 
sider the following figures. The huge petroleum industry, 
certainly crucial to the welfare of the citizens of the United 
States and to the prosperity and strength of the nation, re- 
lies heavily on seismology as its chief exploration tool, 
spending about $400 million per year (1966) in the appli- 
cation of seismic techniques. In the one-year period June 
1967 to June 1968, the federal government received $1.7 
billion from major oil companies for three offshore lease 
areas alone (World Oil, July 1968, page Sl),  exclusive of 
rental‘s and royalties from possible future production, and 
the bids were based almost solely on interpretation of 
seismic data. 
On the other hand, basic research in seismology, carried 
out largely in about twenty university laboratories and a 
few government laboratories, is supported at a level of ex- 
3 
4 SEISMOLOGY 1 PART 1 I SUMMARY AND RECOMMENDATIONS 
penditure of about $10 million per year. The federal gov- 
ernment’s total research effort in seismology costs about 
$35 million per year-for exploration for resources, for 
various research programs, for data needed in construction 
and excavation projects, for military purposes, for moni- 
toring the testing of nuclear explosives, and for the space 
program’s use of seismology in the exploration of the moon 
and planets (a project of still greater expense if the costs of 
the delivery systems are included). It has been estimated 
that a large earthquake in California, an event that is vir- 
tually certain to occur, and recur, in the future, would 
cause damage amounting to some $2.6 billion.* 
These figures, which stress both the importance of seis- 
mology to the nation’s economy and the very modest level 
of man’s effort to increase his understanding of a subject 
that strongly affects his welfare, apply to the present. A rea- 
sonable view of any scientific research program recognizes 
that today’s research determines tomorrow’s applications. 
But to understand what tomorrow’s applications of seismol- 
ogy will be, we must have some idea of what the society of 
the future will be like. Some characteristics and problems of 
our society’s future as they bear on seismology seem pre- 
dictable. We are now able to exert far greater control over 
our environment than ever before-and this ability con- 
tinues to grow. But spectacular growth is also occurring in 
population and in per capita consumption of raw materials. 
The resources of the earth have become the fundamental 
finite l b i t  to man’s development. We can foresee shortages 
of space, food, fuel, water, and other essential resources. We 
*Proposal for a ten-year national earthquake hazards program- 
a partnership of science and the community. Ad Hoc Interagency 
Working Group for Earthquake Research of the Federal Council 
for Science and Technology, Washington, D.C., 1968. 
can foresee many vast and difficult problems created by 
man’s own actions. Pollution-of the air, the water, and the 
earth itself-is perhaps the most critical of these. To over- 
come these problems, the world of the future will require 
the design, construction, and control of closed systems of 
enormous scale to feed, clothe, house, and otherwise care 
for its inhabitants. 
Seemingly small errors, defects, or extraneous effects 
can be amplified enormously in such complex systems. Not 
long ago, for example, a minor breakdown resulted in an 
electrical-power blackout over several states, affecting mil- 
lions of people. Such occurrences forewarn of still larger 
and perhaps more-disastrous events that will be increasingly 
possible in the more populous, more complex society of 
tomorrow. A large earthquake, for example, may have many 
effects that were nonexistent or inconsequential in the past. 
The shaking down of buildings will continue to be an im- 
portant concern, of course, but we will also have to concern 
ourselves more and more with the possibllity of the destruc- 
tion of huge dams or aqueducts, of our complex power net- 
works, of roadbeds for high-speed transportation, of nu- 
clear power plants, and of other vital components of our 
environment- and with the awesome consequences of such 
disasters. (See Figures 1-7.) 
On the other hand, the future will bring great new po- 
tential for studying, understanding, and applying seismol- 
ogy. Increased accessibility to remote regions of the earth, 
expanded communications systems that will permit rapid 
accumulation of seismic data, improved data analysis facil- 
ities, progress in related scientific disciplines, and more- 
advanced education for our youth are some of the gains 
that may be anticipated. It is here that our hope lies and 
in this light that this report is cast. 
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FIGURES 1-7 Some examples of earthquake damage and disruption to habitations, transportation, commerce, communication, 
and other community facilities and services at widely separated geographic locations in the United States. 
A 
FIGURE 1A is a vertical aerial photograph of the port area at 
Seward, Alaska, before the March 27, 1964, earthquake (Richter 
magnitude 8.5). 
FIGURE 1B shows the same location after the earthquake. Note 
disappearance of docks and warehouse facilities, destruction and 
disruption of transportation facilities, and burning oi l  tanks. 
(USGS photos.) 
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FIGURE 2 A  shows damage t o  pole-mounted transformers (note transformer on ground) 
associated with irrigation systems in south-central California, resulting from the Kern 
County earthquake of  July 1952 (magnitude 7.7). Irrigation was stopped fo r  several 
days. The combination of  earthquake effects-irrigation stoppage, wells sanding, broken 
pipelines, ground compaction and settling, etc., significantly interfered wi th  agriculture 
in this region. 
FIGURE 2B shows large, rail-mounted transformers overturned and damaged by the 
same earthquake, One power station was knocked out  completely and all power was lost 
for several days in that locale. (Photos by Carl Steinbrugge.) 
FIGURES 3A and 38 illustrate earthquake damage t o  schools. Many school buildings were severely damaged during the March 1933 earth- 
quake (magnitude 6.3) at Long Beach, California (Figure 3A). Such damage t o  structures during this earthquake was a stimulus t o  building- 
code legislation in California. Figure 38 shows part of a high school damaged by a Montana earthquake in autumn 1935 (magnitude 6.2). 
School buildings were also severely damaged in Anchorage, Alaska, during the March 1962 earthquake. Fortunately, all o f  these earthquakes 
occurred at times when school buildings were unoccupied. (USC&GS photos.) 
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FIGURE 4 Damage t o  transportation facilities resulting from earthquakes. Among the disruptive effects of the Kern County earthquake of 
July 1962 was the displacement of railroad tracks, as illustrated in Figure 4A. Severe damage to a highway, resulting from the Hebgen Lake, 
Montana earthquake of August 1959 (magnitude 7.1) is shown in Figure 4B. Serious road damage was widespread throughout this area; one 
section of road was completely submerged in a lake formed by damming of the Madison River by earthquake-triggered landslides. Road 
damage is a common result of large earthquakes. (USGS photos.) 
FIGURE 6 Damage t o  commercial district in Charleston, South Carolina, during the 
strong earthquake of August 1886. Building damage was extensive and railroad tracks 
were bent. The quake was felt  as far away as Milwaukee, Boston, and Cuba. 
(USGS photo.) 
FIGURE 5 Cracking in wall of water tank 
used for f luid injection for oil field in 
Hamilton County, Illinois, resulting from 
an earthquake in November 1968 (magni- 
tude 5.3). (Courtesy St. Louis University.) 
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FIGURE 7 Damage 
an earthquake in the 
New York, region in 
tude 5.9). (USC&GS 
! to residence resulting from 
Cornwall, Ontario-Massena, 
September 1944 (magni- 
photo.) 
The present and future goals of seismology must be keyed 
to the overall goals of society in an age dedicated not only 
to the acquisition of scientific knowledge for its own sake 
but to the application of this knowledge for the benefit of 
mankind. 
Worthwhile goals, whether for seismology or for all of 
society, must stretch capability-they must grow out of vi- 
sion tempered by judgment. Experience has shown that the 
paths to the attainment of larger scientific goals do not usu- 
ally bypass desirable secondary goals. This is an important 
aspect of scientific accomplishment. 
The mitigation of earthquake effects has long been an 
immediate goal of seismologists and earthquake engineers, 
and much good preliminary work has already been accom- 
plished. Prediction of earthquakes is in some form and some 
aspects on the way to becoming a practical reality and must 
be regarded as a serious goal for the not-too-distant future. 
The prevention or control of destructive earthquakes is per- 
haps the ultimate dream of seismologists. Though this 
achievement appears unattainable with present-day knowl- 
edge and technology, many seismologists see it as a real pos- 
sibility for the future and rank it as a major goal. 
Seismology has been traditionally the most important 
contributor to our knowledge of the earth's interior beneath 
the depths to which we can drill; it promises to continue in 
that role in the future. The application of the methods of 
seismic exploration to the discovery and development of 
our natural resources is vital to society, and our growing 
needs demand further development of those methods. The 
extension of seismic methods to the exploration of extra- 
terrestrial bodies is in itself an exciting scientific adventure, 
one that may pay large dividends in the form of an im- 
proved understanding of our own planet. 
cussed in greater detail. 
In the following pages, each of these major topics is dis- 
MlTlGATlON OF EARTHQUAKE EFFECTS 
An improved knowledge of seismicity (the locations, sizes, 
and frequency of occurrence of earthquakes) and expanded 
programs in engineering seismology are crucial to the attain- 
ment of the goal of mitigation of earthquake effects. 
The broad outlines of world seismicity are well known, 
but these outlines are a crude guide for a rapidly urbanizing 
nation and world on the verge of a major transition to nu- 
clear power and anticipating vast engineering works for wa- 
ter diversion, pollution control, and new transportation 
nets. 
Traditionally, seismicity has been compiled from histori- 
cal records. But the historical record is much too short, on 
the time scale of geological phenomena, to provide the qual- 
ity and quantity of information needed to compile seismio 
ity maps that are reliable indicators of long-term seismicity, 
even for regions such as California and Alaska, where there 
are frequent earthquakes. For areas such as southern Mis- 
souri, the St. Lawrence valley, and the vicinity of Charles- 
ton, South Carolina, the historical record tells little more 
than that each has experienced one or more major earth- 
quakes, and that earthquakes may therefore occur in these 
places again (see Figure 8). What of the heavily populated 
9 
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and congested eastern seaboard from Boston to Washington, 
D.C.? The historical record indicates a low probability for a 
major earthquake. Yet the damage, destruction, and loss of 
life from even a moderate seismic event in a relatively aseis- 
mic area such as this is likely to be far greater than in an ac- 
tive seismic zone where precautions are more fully devel- 
oped. 
must replace time-that is, the long historical record that 
we lack-with better knowledge of the hows and whys of 
earthquakes. Some questions to be explored are: What are 
the basic tectonic processes that distort the rocks of the 
earth's crust, and how does the seismic pattern fit into these 
processes? From the frequency of occurrence of small 
shocks, can we deduce the frequency of large earthquakes? 
Is there a relation between the measurable flow of heat 
from the interior of the earth and the distribution of earth- 
quakes? Are there still undiscovered indicators of seismic- 
ity? How are earthquake frequency and magnitude related 
to observable geologic characteristics of the earth's crust? 
How do strain rates measured at the earth's surface relate 
to the onset and magnitude of earthquakes? 
Much of the practical data for planning against earth- 
quake effects must still be sought. A more complete knowl- 
edge of seismicity is only part of the information needed to 
plan and build so as to minimize the loss of life and prop- 
erty and the disruption of normal activities that follow an 
earthquake. The very important influence of the nature of 
the geological foundations beneath man's structures on the 
intensity of shaking from an earthquake, and the knowledge 
of how to design and build structures to withstand shaking 
with minimal damage-i.e., the elements of engineering 
seismology-must be better known. 
Structures in regions of artificial fill, soft rock, or deep 
soil usually are shaken more violently by earthquakes than 
those in regions where hard bedrock is at or near the sur- 
face. But quantitative ground-motion data of a caliber ade- 
quate for building design are almost totally lacking. The 
required data can come only from special instruments de- 
signed to measure the strong shaking of larger earthquakes 
(strong-motion seismometry). Such instruments must be 
installed in many places, and their measurements must be 
analyzed carefully and correlated with the geology of their 
locations. 
An important goal of seismology must be the develop- 
ment of maps and descriptions of seismicity and a better 
understanding of the relationships between foundation 
characteristics and the likelihood of damage. These mate- 
rials are vital to good planning for an expanding and in- 
creasingly complex society. In addition, modern systems of 
data storage and retrieval must be set up to provide for fast 
and efficient use of needed information. 
Thus, the future offers much hope for the progressive 
mitigation of the earthquake hazard as the above goals are 
To supplement our current knowledge of seismicity, we 
achieved. To achieve them, however, will require imagina- 
tion, industry, and support. The United States is blessed 
with an abundance of hard-working creative people. They 
can be attracted to seismology in reasonable numbers if ade- 
quate opportunity is available. The required amounts of 
support are but a small fraction of what can be saved 
through a program of mitigation of earthquake hazards 
that is even moderately successful. 
EARTHQUAKE PREDICTION 
Though it is not yet possible to forecast the time and size of 
an earthquake in any region, a certain level of prediction is 
now possible. We know within certain limits where most of 
the large earthquakes of the future will occur, but not when 
they will occur or how large each will be. Moreover, the ap- 
proximate size of the largest earthquakes, and their approx- 
imate duration, can be roughly forecast for some areas. 
And, for earthquakes occurring in certain regions, it is now 
possible to recognize the onset of a lethal and destructive 
earthquake effect, the tsunami, or seismic sea wave, and 
to warn of the impending danger. 
Principles on which to base precise earthquake predic- 
tion are not yet clear, but a number of lines of investigation 
offer some hope of providing the necessary information. 
Topics worthy of investigation include strains accumulating 
in the earth's crust, rock creep along faults, micro-earth- 
quakes (see Figure 9), and magnetic, telluric, and thermal 
effects in the crust. Special government-sponsored programs 
of research into earthquake prediction began in Japan in 
1964. Detailed proposals along similar lines have recently 
been put forward in the United States. At present, U.S. 
Government support specifically for earthquake prediction 
is modest and of limited scope, consisting of isolated proj- 
ects at a few institutions.* The U.S. effort in seismology 
should include a strong program of basic research into top- 
ics bearing some relation to earthquake prediction, as well 
as a more directed effort aimed at maximum possible ex- 
ploitation of existing knowledge relating to prediction at 
specific sites. As progress is made, the emphasis should 
shift, as it always does in applied programs, from basic re- 
search to directed effort. 
A related problem, not specifically a part of seismology, 
has to do with the social factors involved in the prediction 
of specific major earthquakes. How would a warning be 
spread? What should be, and would be, the reaction of the 
populace to an earthquake alarm? How should evacuation 
or other measures be accomplished? What about false 
alarms? These are important questions that must also be 
*The main efforts are at the U.S. Geological Survey's National 
Center for Earthquake Research, at Menlo Park, California; at the 
Earthquake Mechanism Laboratory, in San Francisco, under the 
Environmental Science Services Administration; and at several 
universities. 
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considered in a successful program of earthquake predic- 
tion. These social problems are not new, however, and some 
groundwork has already been done-in the prediction of tor- 
nadoes, major snowstorms, hurricanes, floods, and tsunamis. 
The desirability of even attempting to predict earth- 
quakes has been questioned in some quarters on the ground 
that predictions can only lead to public fear and confusion. 
The Committee recognizes, as stated above, that serious so- 
cial and psychosocial problems will be inherent in any ef- 
fective earthquake-prediction program, but it cannot accept 
the thesis that public ignorance is more desirable than pub- 
lic understanding, constructive concern, and preparedness. 
There are, in our judgment, many ways in which an effec- 
tive prediction program could lead to a considerable saving 
of lives, reduction of property loss, and the eventual feeling 
of safety on the part of the public. 
Even if the goal of specific prediction is not completely 
attained in the foreseeable future, the studies that are aimed 
in this direction will eventually lead to-and indeed already 
have achieved to some extent-a markedly increased under- 
standing of earthquake statistics and occurrence probabili- 
ties. This is precisely the kind of basic information that is 
badly needed at this time to make possible safer and more- 
economical engineering design, as well as for the establish- 
ment of more-realistic zoning practices (see Figures 10 and 
11) on earthquake insurance rates. These statistical and 
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FIGURE 10 (A) Aerial view southward 
along the San Andreas Fault zone. Daly 
City, California, just south of San Francisco, 
is in the left foreground; the Pacific Ocean is 
i n  the right foreground. The solid line is the 
approximate trace along which the 1906 
break occurred. The dashed lines delineate 
approximately the main San Andreas Fault 
zone. Area shown in Figures 10B and 1OC is 
outlined. (USGS photo.) (B) Low-level verti- 
cal aerial view taken in  1956 or 1957 of area 
outlined in Figure 10A. (Source unknown.) 
(C) Outlined area as it appeared in 1966. 
(USGS photo.) 
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FIGURE 11 Some effects of the April 1906 San Francisco earthquake (magnitude 8.31, which resulted from movement along the San 
Andreas Fault. (Courtesy University of California, Berkeley.) 
piobabilities studies, which in essence represent an attempt 
at generalized and nonspecific prediction of seismicity, may 
in the long run prove to be as valuable to society as the ul- 
timate scientific goal of predicting the times and places of 
specific earthquakes. 
EARTHQUAKE PREVENTION OR CONTROL 
Prevention or control of destructive earthquakes must rank 
as a major goal of seismology, but its attainment will come 
only with substantial advances in techniques and knowl- 
edge. The energy involved in the earthquake process is vast, 
and the mechanisms are not well understood. 
Not many years ago it would have been rash indeed to 
suggest that earthquakes might someday be prevented. Yet, 
at that same time, it would have been equally rash to claim 
that man would someday walk on the moon, or control 
weather, or mine the sea floor. Now, man has walked on 
the moon, and weather control and mining the sea floor 
are imminent. The possibility of preventing or controlling 
earthquakes must likewise be taken seriously, even though 
the course of action remains to be more clearly defined. 
The artificial triggering of substantial earthquakes-in the 
Denver area by injection of fluid into the earth, at the sites 
of many man-made lakes through loading of the crust, and 
in Nevada by detonation of large nuclear explosions-sup- 
ports the view that man may, indeed, someday control the 
earthquake phenomenon. 
16 
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INVESTIGATION OF THE EARTH‘S CRUST 
AND DEEP INTERIOR 
The field of geology is experiencing a revolution of major 
proportions, a period of rapid advance that normally oc- 
curs less than once in a lifetime in any science. Old ideas 
concerning large-scale drift of the continents have suddenly 
become revitalized with the introduction of the hypothesis 
of sea-floor spreading. It appears that a basic understanding 
of the tectonic processes of the earth-the processes that 
shape the continents, create mountains and ocean deeps, 
and cause the world’s greatest earthquakes-is being 
achieved (see Figure 12). This is a truly exceptional period 
in the history of the earth sciences. 
processes by which the continents move relative to one an- 
other is dependent on more-precise knowledge of the com- 
position and properties of the interior and especially, per- 
haps, of the anelastic mechanical properties of the upper 
mantle. Seismology is fundamental to this scientific up- 
heaval, because it is the principal producer of information 
about the deep regions of the earth that are critically in- 
volved in these tectonic processes. Along with other disci- 
plines of earth science, it is providing crucial evidence for 
the testing of the hypotheses of sea-floor spreading and 
continental drift and for their development and refinement. 
In turn, the new theories of global tectonics are provid- 
ing new directions as well as new challenges for the field of 
seismology. Perhaps most important of all is the unifying 
effect the new global tectonics is exerting on all branches 
of the earth sciences. Observations from a variety of disci- 
plines-seismology and geochemistry, geomagnetism and 
field geology, stratigraphy and gravity-may eventually be 
measured against a single earth model. 
ture of the earth has been a major goal of geology and geo- 
physics for several decades-particularly since it was first 
discovered that elastic waves generated by earthquakes pass 
through the deep interior of the earth and emerge with mea- 
surable amplitudes at locations distant from the site of the 
shock. Thus, seismology, the science of earthquakes and at- 
tendant phenomena, has given us virtually all of our present 
knowledge of the earth‘s deep interior (see Figure 13). No 
other method of investigation offers as much promise of 
giving us the detailed knowledge of properties of the upper 
mantle that is necessary for the understanding of the earth- 
shaping processes. We must regard the earth as a complex 
multicomponent dynamic system, and we must investigate 
the variation of its properties both laterally and in depth if 
we are to achieve that understanding of processes and forces 
which now appears to be within our grasp. 
Certainly, the seismic waves generated by earthquakes- 
large and small, distant and near-will continue to be used 
Clearly, this basic understanding of the complex tectonic 
The determination of the internal constitution and struc- 
as a major source of information about the nature of the 
earth‘s interior. In recent years,bowever, large explosions 
have also been very productive sources of such information, 
partly because the times are known and the locations of 
these explosions have sometimes been in regions that are 
normally aseismic, thus providing data on parts of the earth 
for which such data have been otherwise unattainable. Well- 
designed programs of seismic research using large explosions 
can be scientifically profitable. Moreover, modern improve- 
ments in detection techniques make it feasible to design 
such programs around chemical explosives of acceptable 
size, in the event that political or contamination considera- 
tions make the use of nuclear devices for this purpose im- 
possible or undesirable. The region of the earth‘s interior 
for which research using large explosions is likely to be most 
productive is the lower crust and upper mantle. Early con- 
cepts of this zone characterized it as consisting of layers 
that are laterally homogeneous on at least a continent-wide 
or ocean-wide scale. These concepts are rapidly being re- 
vised as new evidence indicating the existence of prominent 
structural features becomes available. 
Much of the new knowledge of the structure and prop- 
erties of the upper mantle, which forms the foundation for 
our hopes of understanding tectonic processes, has come 
from work carried out during the Upper Mantle Project. We 
believe that a new national or international program, de- 
signed to achieve a consistent picture of the complex dy- 
namic processes that have led to the evolution of the earth 
as we see it today, should be carried out now. 
Despite the great advances in seismological knowledge 
during the past few decades, the nature of the physical pro- 
cess taking place at the earthquake source remains only 
partly known. Because of its importance, it warrants con- 
sideration. There are many seismological and geological 
reasons for believing that most earthquakes-particularly 
shallow earthquakes, at depths of less than about 60 ki- 
lometers-are caused by the sudden fracturing of rocks, but 
the exact mechanism by which this takes place is a matter 
of considerable debate. Even more problematical than the 
question of how the rock failure takes place is the question 
of why it takes place. This subject of the focal mechanism 
of earthquakes is fundamental to seismology and clearly 
deserves a very high priority in the overall seismological re- 
search effort. Much potentially valuable “spin-off’ to ap- 
plied fields such as engineering seismology awaits a more 
definitive solution of the focal mechanism problem. Many 
attacks on this problem are under way. They include theo- 
retical studies based on dislocation theory and solid-state 
physics; laboratory studies of rock failure at high pressures; 
geologic field studies of fault zones and of earthquake oc- 
currences where faulting reaches the ground surface; thor- 
ough instrumentation of fault zones to better define the 
stress and strain fields associated with the earthquake- 
producing forces; seismographic observations close to earth- 
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FIGURE 13 Schematic diagram of  the earth's interior showing pos- 
sible ray paths f rom the focus of  a deep earthquake and the approxi- 
mate locations of  internal boundaries. Stippling in the upper mantle 
suggests the structural complexity of that region. PKP2 is a longi- 
tudinal wave that passes through the solid mantle and liquid outer 
core; PKI KPPKIKP is a longitudinal wave that has passed twice 
through the inner core and has been reflected once at the earth's 
outer surface; ScS has been reflected once from the boundary be- 
tween the mantle and the core; S P  left the earthquake focus as a 
shear wave and, after two reflections at the outer surface, emerged 
at the surface as a longitudinal P wave. 
quake foci; and sophisticated analytical efforts to  determine 
source functions from seismic waves recorded at some dis- 
tance from earthquake epicenters. Other forms of attack on 
this problem will certainly be devised in the future; some, 
based on imaginative new instrumental and analytical tech- 
niques now being developed, may be quite unique. Seis- 
mologists are optimistic that great steps forward will be 
made in this field within the next decade. It is important 
to emphasize that the focal mechanism problem is at the 
very core of seismology and represents one of the most 
challenging and promising areas of research. 
RESOURCE DEVELOPMENT 
The seismic method has had spectacular success in the 
search for oil, and its use is widespread in that field (see 
Figure 14). This method will receive continuing emphasis 
in the petroleum industry, and there will continue to be a 
demand for trained seismologists for oil exploration. In ad- 
dition, the future will see a vast increase in the use of the 
seismic method in the search for other minerals, including 
water; in the development of mineral sites; and in explora- 
tion of the subsurface in preparation for construction and 
excavation. As our society grows and progresses, its ap- 
petite for mineral resources will increase and our need for 
knowledge of the earth's interior will grow. There is no 
equally effective alternative to the use of seismology as a 
major tool in the effort to meet these needs. 
PLANETARY APPLICATIONS 
On the noncommercial side, there are many exciting pros- 
pects for the future The next few decades are certain to see 
further direct scientific exploration of the moon by soft- 
landed instruments and by man himself, and, by instru- 
ments at least, of one or more of the planets. What is 
learned of the composition and physical state of the earth's 
neighbors in the solar system will provide new insights and 
raise new questions about the earth itself. Many of these 
questions will be answerable only through seismology. It 
is significant that for the earliest geophysical exploration 
of the moon, seismology has been assigned the highest 
priority. 
0 
0 
VI 
9 
9 
0 
0 
0 * 
0, 
6 
0 
v) 
9 
m 
0 
0 
8 
m 
0 
0 
In 
9 
P- 
0 
0 
9 
VI 
0 
---t-t- 
9 8 
B 
-21 
t 
z 3
I 
I 
I 
20 
Facilities for experimental observations and for data analy- 
sis are the backbone of any science. For seismology, there 
are two types: observational facilities and laboratory (in- 
cluding computer) facilities. sufficient quantity and high 
quality of facilities of both types are necessary if the goals 
of seismology are to be achieved. 
OBSERVATIONAL FACl LIT1 ES 
Seismology is an observatory-based science. The raw mate- 
rial on which most seismic research is based is obtained by 
recording very small ground motions with highly sensitive 
seismographs. Continuous 24-hour-per-day monitoring of 
earthquake activity is needed if we are to achieve such goals 
as the prediction and prevention of earthquakes and the 
mitigation of earthquake effects. For observational seismol- 
ogy, the most critical need is a worldwide network of stan- 
dardized seismological observatories. Observatories more 
numerous and more sophisticated than those currently in 
use are and will be needed. 
erated by individuals, private organizations, and public 
agencies, and their data are generally available to all investi- 
gators. One of the most important of these networks has 
been the World-Wide Network of Standardized Seismograph 
Stations (wwSSN; see Figure 15), which consists of some 
11 5 stations, each equipped with three-component, long- 
and-short-period seismographs and a precise timing system. 
This network has provided seismologists with observations 
made with uniformly calibrated, standardized equipment 
Seismographs or networks of seismographs are now op- 
on a global scale for the first time in the history of the sci- 
ence. The advances in knowledge that have resulted are im- 
pressive both in quantity and in fundamental significance. 
This network, established in a very creditable way by the 
U.S. Coast and Geodetic Survey as part of the Vela-Uniform 
Program, represents a major advance in seismological instru- 
mentation. But even this network is at present inadequate 
to the task. New stations are needed to fill gaps in the pres- 
ent coverage and to occupy locations that are strategic with 
respect to active seismic areas, and additional apparatus is 
needed at selected stations. 
The spacing of seismographic stations is far too wide at 
present to provide reasonable coverage of active areas of 
special interest; many small networks of closely spaced sta- 
tions are required. These may be networks of fixed stations, 
connected where possible by telemetry and designed to pro- 
vide a long, continuous record of seismicity and seismic 
waves, or they may consist of portable stations and may be 
operated for finite intervals of time to provide data for spe- 
cial studies. In seismic areas, particularly near active faults, 
a number of multipurpose seismological observatories are 
needed; these should be equipped with a variety of devices 
to measure geophysical parameters over a long period of 
time. 
Nearly all seismographic stations are land-based; thus, 
few seismic data, if any, are collected from sites over the 
three-quarters of the earth’s surface that is covered by wa- 
ter. Data for the oceanic regions would be of great value. 
And since the use of remote instruments recording unat- 
tended for long intervals of time has been shown to be feas- 
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ible, some seismographs should be emplaced on the ocean 
floor at critical sites. In addition, in view of the great de- 
crease in short-period noise with depth in the earth, and of 
the likelihood of a general increase in artificially generated 
noise with time, some instruments should be emplaced in 
deep drill holes. 
recorded in analog form on photographic paper. This is a 
very desirable method for many studies and one that must 
be continued. However, for certain studies using sophisti- 
cated data processing, a recording method that ultimately 
permits the conversion of data to digital form without loss 
of precision is required. The use of magnetic tape is one 
such method, and should supplement that currently in use. 
Selected stations in the network should be made available in 
digital form through a central data center. For this purpose 
it is important that standards of sampling and data format 
be established to facilitate exchange of data in a form that 
can be used conveniently in high-speed computers, as has 
been done by the Society of Exploration Geophysicists for 
prospecting seismograms. This is an international problem 
that should be worked out with seismologists from all na- 
tions. Because the volume of data being accumulated is al- 
ready greater than can be conveniently and economically 
stored for indefinite periods, a mechanism for selecting for 
preservation the best examples of digitized and analog tape 
data should be established, and improved systems of rapid 
retrieval should be incorporated into the storage facility. 
while appropriate for many studies, must be broadened or 
shifted for others. The dynamic range must be improved. 
With only highly sensitive instruments at each station, much 
of the information on the very important largest events is 
lost. Strong-motion instruments, or instruments with large 
dynamic range, are required. Such strong-motion instru- 
ments should provide for the accurate measurement of the 
largest ground motions in the epicentral regions of destruo 
tive earthquakes, and they must have frequency-response 
and time-resolution characteristics that will permit the mea- 
surements to be used for determination of the responses of 
structures to earthquake ground motions. Because of the in- 
herent insensitivity of strong-motion instruments, they will 
be required in relatively large numbers for closely spaced 
networks in highly seismic regions. 
Finally, instrumentation practices in seismology must 
keep abreast of modern techniques. For example, as com- 
munication systems improve and we are able to transmit 
more and more data economically, as appears possible 
through the use of communications satellites, seismic data 
can be accumulated at a central data center much more rap- 
idly. It may soon be feasible to telemeter data from a par- 
ticular region quickly enough to provide improved forecast- 
ing of earthquakes, tsunamis, and volcanic eruptions. Thus, 
modernization, expansion, and improvement of a worldwide 
The data from most seismographic stations are currently 
The frequency response of existing seismograph systems, 
seismological network and its related facilities is of immedi- 
ate and extreme importance if most of the goals of seismol- 
ogy are to be attained. 
The efficiency, and sometimes even the possibility, of 
carrying out seismological investigations often depends on 
how quickly and completely all existing pertinent data can 
be acquired by individual investigators studying particular 
problems. A great step forward in this regard was made by 
the Environmental Science Services Administration, origi- 
nally with support from the Advanced Research Projects 
Agency, through the establishment of a data center from 
which copies of all seismograms recorded by the World- 
Wide Network of Standardized Seismograph Stations, and 
by other stations, could be obtained. The value of this sys- 
tem to seismology increases even more rapidly than does 
the volume of the data. 
To solve the seismic problems facing the nation, larger 
quantities of data and more types of data must be made 
available. The preservation of a comprehensive library of 
information is essential in order to avoid wasteful repetition 
of observations by future generations of seismologists and 
because seismic events are often unique and usually do not 
reoccur in exactly the same place and manner in one life- 
time. A thorough record of past events is fundamental to 
accurate prediction of future events. 
It is, therefore, recommended that the existing data cen- 
ter operated by ESSA be expanded to become a permanent 
national facility; that steps be taken to gather there a more 
complete record of earthquake data currently being re- 
corded in the United States and elsewhere in the world; that 
agreements be sought with other countries whereby data 
that are currently available only from foreign sources and 
that are needed by U.S. seismologists can be obtained by 
this national facility; that data be made available in a stan- 
dardized format most suitable for use by the majority of 
U.S. investigators; and that storage, retrieval, and dissemina- 
tion practices be kept in accord with technology. It is recog- 
nized that data acquisition in some cases (e.g., the WWSSN) 
may require furnishing equipment, supplies, and supporting 
services needed to maintain quality control of the data. 
LABORATORY FACl b4Tl ES 
Improved and expanded laboratory facilities are needed to 
carry out investigations of the properties of earth materials 
under high temperatures and under higher pressures than 
those thus far attained. Not only is it important to study 
earth materials under conditions simulating those assumed 
to exist in the earth's interior, but it is also important to 
study the mechanisms by which they fail. To a large extent, 
efforts directed toward earthquake prediction and preven- 
tion will be based upon empirical results from this type of 
facility. Also, improved methods are needed for incorpo- 
rating into laboratory models new techniques for detecting 
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motions and strains simulating those in the earth’s interior 
and for applying realistic earthquake loading to laboratory 
models. 
Many of the problems faced by seismologists can be 
solved only through the use of very large computers. Access 
to such machines is increasingly important. New data-gath- 
ering systems should be so designed that their outputs can 
conveniently be fed into computers, and the laboratories 
that perform seismological research should include arrange- 
ments that guarantee rapid access to, and ample time in, 
large and flexible computer systems. This type of effort has 
become so essential that the oil exploration industry spends 
an estimated $40 million annually for computer systems. 
Seismology is a scientific and exploratory tool for a wide 
range of users with a wide variety of aims and motives. 
Some users, of course, pursue the science for its own sake 
and to add to the fund of existing knowledge. Others need 
seismological information to apply toward goals that may 
be only indirectly related to seismology. Between these two 
extremes are those who may have some special use for seis- 
mological information but who, in conjunction with this 
use, may contribute to the expansion of seismic knowl- 
edge-either because existing information may not be ade- 
quate to their tasks or because of the stimulation they may 
find in the coupling of basic and applied research. This 
chapter discusses the principal types of organizations that 
are currently concerned with seismology, or whose missions 
might be aided by its use. 
SEISMOLOGY IN THE ~ N ~ ~ E ~ S I T I E S  
The university effort has provided the core of basic research 
in seismology. University research in seismology has the 
general goal of advancing scientific knowledge and includes 
the use of seismology in attacking fundamental geologic 
problems. The universities also provide the trained man- 
power in seismology that is essential to the efforts of other 
organizations. 
The two important functions of the universities-training 
and basic research-are strongly interdependent. A field that 
has no exciting research programs can hardly attract many 
promising students. It can neither be responsive to the 
needs of the community nor can it train its students to a 
level that will enable them to become tomorrow’s leaders 
in their science. The universities’ contribution to basic re- 
search and manpower in seismology is vital. It is the foun- 
dation upon which the science is built, and it must be 
helped to improve and grow. 
Universities conduct the widest variety of seismological 
research. In our society they have the special responsibility 
of advancing knowledge on all fronts, whether there is im- 
mediate practical advantage or only the challenge of un- 
answered questions. Most of this research is undertaken be- 
cause of a recognized need for better understanding of some 
natural or man-made phenomenon. Occasionally, research 
is pursued largely because the work itself is exciting. The 
freedom to select one’s own challenge and solve it in one’s 
own way attracts to the campus many of the best minds of 
the country. Their discoveries, often but not always seen as 
useful when they first are made, pay dividends by opening 
the way for later workers. 
ration of skilled scientists and technoIogists. The conduct 
of research is a required part of the training of a seismolo- 
gist. In the university, the young investigator develops the 
habit of imaginative thinking in attacking unsolved prob- 
lems. It is because the United States has had available in 
times of need men well trained in each special ability vital 
to the nation that we find ourselves in our present position 
of strength and prosperity. The imagination and initiative 
developed by living on the frontiers of knowledge are used 
This pioneering work is a necessary process in the prepa- 
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to produce tomorrow’s leaders in science. Thus, expanding 
the frontiers of knowledge and training the manpower to 
push them back still further are the university’s major con- 
tributions to society. These contributions are possible only 
through the existence of active programs of research on our 
campuses. 
University involvement in seismology should not be lim- 
ited to graduate study and research. Most of the leaders 
who must cope with emergencies in our society are men 
with formal education no higher than the bachelor’s degree, 
and often with less. All citizens should have an opportunity 
to learn something of earth processes and the means by 
which scientists and engineers are attempting to master 
natural events. The chance to benefit from this knowledge 
is the right of scientist and nonscientist alike. Our univer- 
sities have a responsibility to teach seismology to students 
at every level, particularly by the introduction of under- 
graduate courses. 
In addition to their seismological research and teaching 
activities, many universities operate seismographic networks 
partly as a public service activity. Many of the routine re- 
ports, as well as the basic recording of local earthquakes, 
come from these networks, and their reports are the pri- 
mary basis upon which seismicity maps and seismic-hazard 
maps have been constructed for large areas of the United 
States. The University of California at Berkeley, for exam- 
ple, routinely operates 16 widely dispersed seismographic 
stations in central and northern California; the data from 
13 of them are continuously telemetered to Berkeley. Sim- 
ilarly, the California Institute of Technology operates 21 
stations in southern California, seven of which telemeter 
data to Pasadena. These two long-established networks pro- 
vide the primary basis for our knowledge of seismicity pat- 
terns in California. In our attempt to gain a better under- 
standing of seismic hazards, it is essential that these kinds 
of seismographic networks continue to be supported. 
The universities have been the major source of research 
related to earthquake engineering, primarily with the sup- 
port of the Engineering Division of the National Science 
Foundation. Through the Universities Council for Earth- 
quake Research, work in some 25 universities is coordi- 
nated. 
to grow, in concert with the rapid growth we are now ex- 
periencing in population and urbanization, university scien- 
tists, as citizens, have an increasing responsibility to main- 
tain an awareness of the needs of the nation and society 
with respect to their areas of scientific competence. Active 
expression of their recognition of these needs, and appro- 
priate proposals for meeting them, should be made to state 
and federal legislators and administrators when necessary. 
Participation in the concerns of the community is both a 
privilege and a responsibility, of scientists as well as other 
citizens. 
As problems that may affect large populations continue 
INDUSTRIAL USERS 
In magnitude, cost, and manpower, the use of seismology 
by the petroleum industry dwarfs that of all other groups. 
Exploration parties probe the far corners of the earth with 
highly developed equipment and techniques. Approximately 
$1.5 billion has been spent annually by Western nations on 
the exploration and development of underwater leases and 
concessions granted before June 1967 (World Oil, July 
1968, page 81); during June 1967-June 1968 at least $2 
billion was spent as bonus payments on new leases ($1.7 
billion for new leases in U.S. waters alone), and it is con- 
servatively estimated that $4-6 billion will be spent during 
the next five years on exploration, development, and pro- 
duction in the 1967-1968 “free world” acreage. Seismology 
is the major exploration method used in virtually all of this 
effort. All oil companies collect seismic data, and many geo- 
physical exploration companies have been formed solely to 
provide this service to the industry. A number of larger oil 
companies support laboratories that perform first-class re- 
search in seismology, including much basic research. 
The oil exploration industry strongly supports other in- 
dustries, such as instrument developers and manufacturers 
and the manufacturers of the explosives used in exploration 
work. Each year, $50-55 million is spent on seismic instru- 
ments and about $14 million is spent for explosives. Other 
expenditures include about $70 million a year to landown- 
ers for permit fees for the drilling of shot holes on their 
properties. 
In the mining industry, the use of seismic prospecting 
has been modest, but much new effort is being made and 
this effort is almost certain to expand as ores become more 
difficult to find and as the demand for them increases. The 
seismic effects of earthquakes and explosions are, of course, 
of considerable concern to the mining industry. 
The seismic effects of blasting are also of great concern 
and of substantial economic importance to the construction 
industry. Potential damage to property is frequently the 
limiting factor in the choice of blasting materials and tech- 
niques. Nearly always, this limitation means greater ex- 
pense and lower efficiency. New developments that would 
minimize the seismic effects of blasting without lowering 
capabilities for crushing rock would save substantial sums 
of money, as demonstrated some years ago when time-delay 
blasting caps were introduced. 
Small-scale seismic exploration is a new and rapidly 
growing branch of seismology. It uses some of the classical 
seismic exploration techniques, but on a smaller scale, to 
study subsurface features at potential sites for various types 
of construction, such as roads, dams, airports, large build- 
ings, and bridges. Not only can the substructure be deter- 
mined, but information may also be obtained about the 
earth’s mechanical properties, which are of particular inter- 
est to architects, designers, and engineers. The rapid and 
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continuing growth in the size and complexity of urban 
areas, and in the number, size, and depth of foundation of 
buildings and other engineering structures, will undoubtedly 
make the use of this technique increasingly important. 
Small-scale seismic exploration is also finding a variety of 
other applications, ranging from exploration of water- 
supply sites to the probing of archeological ruins. The 
method is inexpensive, easy to use, and often provides in- 
formation that can be obtained in no other way. 
Industry has in the past supported some seismological 
research activity in the universities. The Committee believes 
that this support should be substantially increased. Discus- 
sion in other parts of this report clearly indicates the inti- 
mate relationship between well-supported programs at the 
universities and quality in training of future scientists and 
educators. Industry gains in many ways from these pro- 
grams, both in terms of trained manpower and in knowl- 
edge vital to its search for fuels and minerals and to its en- 
gineering projects, and should actively support them at a 
level commensurate with their importance. 
THE STATES 
Up to now, most seismic research concerned with earth- 
quakes has been conducted by federal, educational, or pri- 
vate organizations, whose interests were national or inter- 
national in scope. Neglect of purely local problems has 
contributed to the social crises that plague our society 
today. The protection of life and property is also a re- 
sponsibility of state and local governments. The detailed 
nature of the seismic hazard, whether from earthquakes, 
blasts, or industrial vibrations, varies from place to place. 
State and local governments set most of the laws that reg- 
ulate and direct organized response to these dangers, and 
these governments should support their share of the effort 
to understand them, particularly those hazards peculiar to 
their parts of the country. 
Some state agencies have done outstanding work in this 
area. Others should follow this example, especially with re- 
spect to providing essential information to the citizens and 
organizations within their boundaries. Although the federal 
government can and should take the lead in supporting per- 
tinent research, such research wiU be most effective if co- 
ordinated with and supplemented by local efforts. 
The California Department of Water Resources has es- 
tablished a modern system of seismographs near each of its 
major dams and acqueducts. It is planned to use this special 
system, in conjunction with the existing more widely spread 
systems of the University of California (in northern Cali- 
fornia) and of the California Institute of Technology (in 
southern California), to monitor continuously any earth- 
quake activity in the vicinities of these storage facilities. 
Other state agencies in California have also engaged in 
commendable activities related to the study of earthquakes. 
These include the State Division of Mines and Geology and 
the State Division of Architecture, the latter particularly 
through its work on earthquake-resistant-design codes for 
schoolhouse construction. In 1967, following the invitation 
of the Director of the Resources Agency of California, a 
special report, Earthquake and Geologic Hazards in Califor- 
nia, was prepared and circulated by two panels of experts. 
The State of Colorado has supported studies involving 
what are believed to be man-made earthquakes in the Den- 
ver area. Recent earthquakes possibly associated with the 
man-made lake behind the Toledo Bend Dam on the Sabine 
River in Texas further point up the importance of work of 
this kind. 
Research activities of state agencies, such as those activ- 
ities mentioned above for California, would seem to be ap- 
propriate for other states as well, particularly those with 
known records of damaging earthquakes. State legislatures 
and agencies should be made aware of these problems and 
should be encouraged to provide support for local research 
and observational facilities. 
SEISMOLOGY IN THE FEDERAL GOVERNMENT 
Within the federal government. the following agencies are 
active in seismology: the Departments of Defense, Com- 
merce, Interior, State, Housing and Urban Development; 
the Atomic Energy Commission; the National Aeronautics 
and Space Administration; and the National Science Foun- 
dation. Other federal organizations, such as the Depart- 
ments of Transportation and of Health, Education, and 
Welfare, and the Office of Emergency Preparedness, have 
a potential need for seismological services and information. 
Table 1 shows the federal users, or potential users, of seis- 
mology in relation to the important uses of the science. 
The Department of  Defense has need for seismological 
information in the development of weapons and demoli- 
tion materials; in estimating the potentially destructive ef- 
fects of earthquakes and explosions on military installa- 
tions; in developing methods for the detection of nuclear 
explosions and perhaps of other types of military activity; 
in exploring the subsurface in areas where military activities 
or construction are planned; and in estimating the effects 
of seismic motion on the operation of sensitive military 
devices. 
As mentioned elsewhere in this report, financial support 
in the last decade by the Department of Defense for seis- 
mological research in the United States has been especially 
important. In particular, research contracts administered by 
the Air Force Office of Scientific Research, the Air Force 
Cambridge Research Laboratories, and the Office of Naval 
Research, many under the auspices of the Advanced Re- 
search Projects Agency, have transformed seismological 
activities in a way that is hard to exaggerate. 
The transformation has placed seismological facilities 
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TABLE 1 Uses and Users of Seismology (Federal Government) 
Users 
uses AEC DOC DOD DO1 DOS DOT HEW HUD NASA NSF OEP 
Earthquake prediction and prevention or control 
Detection and reporting of worldwide earthquakes 
Earthquake zoning and insurance 
Mitigation, of earthquake effects 
Basic research of the earth’s crust, mantle, and core 
Exploration of the earth’s crust for resources 
Exploration of other planetary bodies 
Military applications 
Prediction of seismic sea waves 
Prediction of volcanic eruptions 
Detection of nuclear explosions 
X M M M - X X X  - M X  
X M X X X - - -  - M X  
X M X M -  - X M  - x x  
M X M X X X X M  - M X  
- X M -  x x x x x - -  
X - X M X - - -  - x -  
- M X -  - - - x -  - -  
X - M -  
- x x  X M X X X X X X  
- X X M X - - X  - x x  
X - M X X - - -  - - -  
- - - -  - - -  
aAEC, Atomic Energy Commission; DOC, Department of Commerce; DOD, Department of Defense; DOI, Department of the Interior; 
DOS, De artment of State; DOT, Department of Transportation; HEW, Health, Education, and Welfare; HUD, Housing and Urban Develop- 
ment; N&A, National Aeronautics and Space Administration; NSF, National Science Foundation; OEP, Office of Emergency Preparedness. 
X, current active programs, or activity recommended; M, major effort recommended. 
and observatories on a level with those accepted as normal 
in some other sciences. It has led to a greater number of 
more highly trained young scientists entering the field; it 
has led to the spread of seismological studies to more uni- 
versities. The oil exploration industry, among others, has 
benefited from this enhanced seismological work. 
The recent reorientation of Department of Defense sup- 
port for seismological research has resulted in problems in 
the conduct and maintenance of many meaningful research 
programs. This experience clearly emphasizes the need for 
seismological science in the United States to receive con- 
tinued and stable financial support for appropriate research 
activities. 
The Environmental Science Services Administration 
(ESSA) of the Department of Commerce is responsible for 
monitoring earthquakes in the United States and for report- 
ing their effects on both government and nongovernment 
installations and activities. It operates the World-Wide Net- 
work of Standardized Seismograph Stations (ww SSN) (see 
Figure 1 9 ,  an important existing global network for col- 
lecting seismic data. ESS A keeps records of seismic events, 
provides various data services to the public, evaluates the 
earthquake hazard for different regions, issues warnings of 
tsunami danger following large earthquakes, maintains rec- 
ords of earth deformation in the United States, conducts 
studies of seismic-wave propagation and earth structure, 
and conducts other research. It is also engaged in engineer- 
ing-seismology activities, including seismic mapping and 
site-selection studies, and it supports research and education 
in seismology. ESSA maintains the U.S. network of strong- 
motion accelerographs that produce the basic information 
for earthquake engineering. 
The Committee believes that ESSA should strengthen its 
support for seismological work both internally and in the 
universities. Such support seems directly appropriate under 
its charter. Organizational changes have led to the establish- 
ment of an Earth Sciences Laboratory, which includes re- 
search groups in seismology such as the Earthquake Mecha- 
nism Laboratory in San Francisco. Further strengthening of 
the seismological groups within ESSA could constitute a 
very substantial advance for the science of seismology in 
the United States. ESSA should take the lead in upgrading 
the transmission of seismological data, following the pattern 
set by the tsunami warning system and by the field of me- 
teorology. Earthquake location information should be rou- 
tinely available with 24 hours following the event. 
Two branches of the Department of the Interior are con- 
cerned with seismology: the Geological Survey and the Bu- 
reau of Mines. The Geological Survey uses seismologic 
methods to determine earth structure, and its scientists 
study seismic events and associated phenomena in order to 
gain insight into earth processes that affect the nation’s cit- 
izens, such as the volcanic activity of Hawaii and the large 
faults that exist in tectonically active areas such as Cali- 
fornia. It also uses seismic data as an aid in finding and map- 
ping natural resources and in identifying hazards arising 
from geologic phenomena. 
extending its activities in earthquake studies. It has as- 
assembled a very capable group of seismologists, geophysi- 
cists, and geologists to staff the National Center for Earth- 
quake Research at Menlo Park, California. A further useful 
development would be the strengthening of ties with uni- 
versity seismologists through increased support of appro- 
priate seismological research and teaching at universities, 
by means, for example, of fellowships and grants-in-aid. 
The U.S. Geological Survey is in the process of greatly 
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The Bureau of Mines is concerned with seismic vibrations 
generated by mining operations; such vibrations may be a 
hazard to adjoining property as well as to the mining oper- 
ations. The Bureau is also concerned with the interrelation- 
ships between seismology and rock mechanics and with ap- 
plications of seismology to the design and maintenance of 
excavations. 
The National Aeronautics and Space Administration 
(NASA) is concerned with seismology as a primary tool for 
investigating the internal structures of the moon and plan- 
ets. Seismometers will be among the first scientific instru- 
ments landed on these bodies-and one has already been 
carried to the moon by the astronauts of the Apollo proj- 
ect. On the other hand, in the study of the moon and plan- 
ets and their interrelationships with the earth, NASA scien- 
tists are vitally dependent upon information about earth 
structure gained through seismological research on the 
earth. 
likely to be among the most scientifically revealing of the 
space program. NASA support for seismology has been on 
a narrow front, and restricted to only a few universities. 
The unique part that seismology plays in geophysics justi- 
fies increased and broader support for appropriate research, 
particularly in universities, into the seismological aspects of 
the physics of planetary interiors. 
For the Atomic Energy Commission (AEC), seismology 
has grown in importance as the agency’s functions have be- 
come increasingly extensive and intricate. From the days of 
the early nuclear explosions, it was recognized that those 
events would have certain unique features of great impor- 
tance to seismological research. It was soon apparent that 
some of the close-in effects of nuclear detonations are seis- 
mic in nature, especially effects of underground explosions. 
Later, as political negotiations for a nuclear-test-ban treaty 
took place, the AEC became concerned with the seismologi- 
cal aspects of nuclear-test detection over long distances. 
Recently, as potential applications for peaceful uses of 
nuclear explosives have become further developed, it has 
become clear that the seismic effects of underground deto- 
nations may be among the principle obstacles to their use- 
ful application. The construction of an underground reser- 
voir, for example, would be carried out in some locations 
only if the seismic effects of the explosion could be rea- 
sonably well predicted and tolerated. 
The possibility of release of stored tectonic strain by 
large underground nuclear detonations has recently been 
recognized. This problem is under active study. Its resolu- 
tion is essential to the effective use of large-yield nuclear 
explosions for excavation and other beneficial purposes. 
Perhaps the most important consideration of the AEC in 
this regard is the prediction of seismic effects at proposed 
sites for nuclear power stations. Nuclear energy is certain to 
assume increasing importance in the generation of electrical 
Results from seismic studies of the moon and planets are 
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FIGURE 16 Projection to the year 2000 showing the increasing 
importance of nuclear fuels for generating uti l i ty electricity. (Re- 
printed from Environmental Science and Technology, June 1967, 
page 468, with permission of the American Chemical Society.) 
power as time passes (see Figure 16). Because nuclear elec- 
tricity-generating stations are permanent installations and 
because damage to them may endanger communities, they 
must be located and designed with appropriate safeguards. 
The likelihood of seismic damage to such an installation 
must be very small in order to avoid a disaster. 
The increasing complexity of modern society resulting 
from scientific-technological development demands that 
man understand his environment with far greater thorough- 
ness and detail than in the past if he is to live in harmony 
with it. Thus, the AEC must encourage studies of seismicity 
and engineering seismology if full use is to be made of nu- 
clear power in the service of man. 
The AEC supports a considerable number of programs 
related to seismology. It is likely that for public safety and 
other reasons the Commission will be required to expand 
these programs. Recent hearings concerning power-reactor 
sites in California and the possibility of triggering natural 
earthquakes in Nevada by tests of nuclear explosives are in- 
dicators of this trend. Many of the observational and re- 
search programs are carried out by university researchers, 
private companies, and consultants; others are contracted to 
such federal agencies as ESSA and the USGS. Many of the 
problems studied are central to seismology, and unique re- 
sults and data have been obtained that appear to be of cardi- 
nal value in a broader seismological context. It may be ap- 
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propriate to have more-open policies to be pursued in certain 
circumstances, for more coordination between separate con- 
tracting seismological research groups, and for more-generous 
financial support to be given to seismology in universities. 
The Department of Housing and Urban Development is 
concerned primarily with seismicity and seismic effects as 
they relate to the engineering of better structures and to 
the development of methods of land use that will provide 
optimum benefits to society. Seismology is certain to ac- 
quire still greater importance within this agency because 
seismic problems will multiply with the continuing expan- 
sion of population and urbanization. 
tion primarily in dealing with the nuclear-test-ban treaty 
and the negotiations related to it. From time to time, the 
State Department is concerned with destructive effects of 
earthquakes that occur in foreign countries. It also needs to 
be informed about various international scientific programs 
involving seismology. 
The State Department has consistently overlooked op- 
portunities to foster international relations through coop- 
erative scientific programs on a bilateral or a multilateral 
basis. The earth sciences, and seismology in particular, are 
inherently international in scope and offer excellent pros- 
pects for programs that can be beneficial, technically and 
politically, to all concerned. 
The Department of Transportation should have an active 
interest in the geographical distribution of earthquakes and 
in the possible effects of earthquakes on our increasingly 
more complex transportation systems. Emergency trans- 
portation systems should be planned with adequate con- 
sideration for all possible damage to specific areas and for 
alternatives in choices of action. In addition, seismic sea 
waves pose a problem for the Coast Guard, with respect 
both to port facilities and to emergency help for people in 
distress in affected areas. Moreover, proper planning for 
emergency measures requires knowledge of the capabilities 
of warning systems. The Department of Transportation 
should support efforts in seismology commensurate with 
its needs in carrying out its mission. 
Since destructive earthquakes create for their victims 
serious problems of health, income maintenance, reloca- 
tion, and social rehabilitation, it would appear that the De- 
partment of Health, Education, and Welfare might well sup- 
port some of the effort in seismology. A synopsis of these 
problems and recommendations concerning them, growing 
out of a National Research Council study of the great 
Alaska earthquake of 1964, are contained in a report en- 
titled “Toward Reduction of Losses from Earthquakes,” 
recently prepared by the Committee on the Alaska Earth- 
quake of the National Academy of Sciences-National 
Academy of Engineering. 
The Office of Emergency Preparedness (OW) assists and 
advises the President in coordinating and determining policy 
The Department of State requires seismological informa- 
for all emergency preparedness activities of the government. 
These include developing and planning the emergency use 
of such resources as manpower, materials, industrial capac- 
ity, transportation, and communications, as well as pre- 
paring for the stabilization of the civilian economy in an 
emergency. All of these activities would be vitally important 
in the event of a major earthquake catastrophe. To be able 
to cope quickly with the effects of earthquakes requires an 
understanding of the nature of earthquake phenomena as 
well as an understanding of their physical effects on a com- 
munity and its patterns of human activity. OEP could there- 
fore profitably support certain aspects of seismic research. 
The National Science Foundation (NSF) is responsible 
for encouraging and supporting basic research and related fa- 
cilities for all science in the United States. Basic research in 
seismology conducted at the nation’s universities and other 
nonprofit organizations, and the facilities necessary to at- 
tain the goals of this research, should therefore be a primary 
concern of NSF. A strong NSF program in support of seis- 
mology is required to maintain and increase strength in that 
science at the universities. 
The National Science Foundation has gained widespread 
respect throughout the field of seismology for its farsighted 
and well-run program of support for seismology. It has been 
the only source of support for research in earthquake engi- 
neering. It has played a vital role in maintaining the World- 
Wide Network of Standardized Seismograph Stations. 
Th Foundation has on occasion been called upon to as- 
sume the burden of support for the basic research portion 
of a scientific effort formerly funded by a mission-oriented 
agency. Inadequacy of available NSF funds, however, has 
sometimes made appropriate response difficult and resulted 
in serious disruption of the field. Federal funding methods 
should be changed so as to avoid abrupt cutbacks or to pro- 
vide NSF with sufficient funds to adjust rapidly to them. 
A Unified Federal Approach 
The missions of the federal agencies are geared to the needs 
and welfare of the nation, and it is imperative that their 
programs be strong. There is undoubtedly some overlap of 
agency effort in some programs. This seems inevitable in 
our large and complex federal system, and to a limited ex- 
tent it is desirable. Excessive redundancy, however, has been 
kept to a minimum through exchanges of information and 
ideas among agency representatives at meetings of such 
groups as the informal Interagency Geophysics Discussion 
Group, the Ad Hoc Panel on the Denver Earthquake, the 
Ad Hoc Panel on Earthquake Prediction, and the Ad Hoc 
Interagency Working Group for Earthquake Research. 
Moreover, these groups have often recommended excellent 
programs. But they are informal or temporary groups, and 
there has been an urgent need for a continuing interagency 
committee at the level of the Federal Council for Science 
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and Technology. The Ad Hoc Working Group on Solid 
Earth Sciences recognized this need in its report to the 
Federal Council for Science and Technology, Solid Earth 
Sciences-A Preliminaty Assessment of Status and Outlook 
for Federal Programs, issued in July 1967, and recom- 
mended establishment of a standing committee. 
ences was established on the basis of this recommendation. 
This group’s functions essentially are to provide informa- 
tion, to serve as a forum for exchange of ideas, and to pro- 
vide investigative and advisory services. The Committee on 
Seismology encourages this group to carry out vigorously 
its designated functions. In addition, the Committee recom- 
mends that a group be formed at an appropriate level; in the 
executive branch of the federal government specifically to 
The Federal Council’s Committee on the Solid Earth Sci- 
provide an authoritative base for augmentation of worth- 
while programs, to formulate and implement new programs, 
and to determine the level of support required for programs 
involving seismology that are essential to the achievement 
of prescribed national goals. Maximum effectiveness in 
achieving these goals may require the combined efforts of 
several agencies, and even the reorientation or redistribution 
of effort by the agencies. Continuing programs such as the 
World-Wide Network of Standardized Seismograph Stations, 
proposed programs such as the Proposal for a Ten-Year Na- 
tional Earthquake Hazards Program and the Denver earth- 
quakes program, and additional efforts such as those dis- 
cussed throughout this report are all needed if the national 
welfare is to be advanced through the knowledge of our 
earth environment that seismology can offer. 
MANPOWER AND EDUCATION IN THE UNITED STATES 
Whether or not a segment of modern technological society 
is vigorous and healthy depends strongly upon the quantity 
and quality of skilled personnel in that field. In seismology 
the problem of personnel is complicated by the many- 
faceted nature of the field, but it is clear that the attain- 
ment of the goals set forth in this report will call for an 
increase in the number of highly trained professional seis- 
mologists. To a great extent this number can be self-adjust- 
ing in a national program, provided university participation 
in research is adequate. 
Based on the National Register" count for 1966, with 
reasonable extrapolations to account for those missed by 
this count, it appears that there are approximately 3,800 k 
500 seismologists in the United States. Most of these are 
employed in the petroleum industry. This figure includes 
all of those engaged in seismology at a professional level, 
generally with at least a bachelor's degree but not neces- 
sarily with a major in seismology. Fewer than 200 students 
with majors in seismology are graduated each year (see Fig- 
ure 17). 
The number of professionals in seismology at the doc- 
toral level and engaged in education and basic research is, 
of course, quite small. Certainly, fewer than 100 staff mem-' 
bers in seismology are found at the twenty or so universities 
that have trained all recent doctorate recipients, and about 
the same number may be found in government and private 
laboratories conducting basic research. 
According to the National Register, in the field of geo- 
physics (76% seismology), persons trained in geology out- 
number those trained in geophysics (see Figure 18). This 
aspect of the population of geophysicists stems partly from 
the broad nature of the field and partly from the way scien- 
tists are classified. Two ways of becoming a petroleum geo- 
physicist are via an educational curriculum in geophysics 
and through later'association with the field. Those who en- 
tered the field following formal education in geophysics are 
grossly outnumbered in the petroleum industry by persons 
who entered later, after education in another (usually re- 
lated) field. Figure 18 shows, for purposes of comparison, 
similar breakdowns for other fields. Only oceanography, of 
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FIGURE 17 Total number of students (graduate and undergradu- 
ate) majoring in geophysics, 1961-1967. Graduating geophysics 
majors constitute perhaps one-fourth of the totals shown. (Based on 
a staff survey of colleges and universities in the United States that 
train geophysicists; on the NAS compilation of thesis titles, 1957- 
1966; on the Bibliography of Thesis Titles, 1958-1963; and on in- 
formation obtained from compilations for the NSF National Regis- 
ter of Scientific and Technical Personnel. 
*National Register of Scientific and Technical Personnel, 1966, 
National Science Foundation, Washington, D.C., 1966. 
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the disciplines listed, is staffed by professionals with a simi- 
lar diversity of educational training. 
The diversity of backgrounds of geophysicists reflects 
the complexity of the search for petroleum with seismic 
methods. For this same reason, the relatively small number 
of geophysicists formally educated in geophysics may not 
necessarily be entirely disadvantageous, as the interplay of 
skills and ideas from various fields often results in more- 
rapid progress. Thus, some large petroleum companies view 
the current mix of employee backgrounds as an asset. None 
of seven companies with which the subject was discussed 
seems to feel that it is strongly detrimental, although about 
half of them indicated a desire for more trained geophysi- 
cists. Because exploration seismology requires a geological 
interpretation of the information, several companies prefer 
to have geologists as interpreters, and larger companies pro- 
vide their own training in geophysics for new employees. 
That salaries in geophysics tend to  be higher than in other 
subfields of earth science, however, indicates that geophys- 
icists are in greater demand (Table 2). 
At most educational institutions, specialization in seis- 
mology does not begin before the graduate level because 
there are few undergraduate programs in either seismology 
or geophysics. Thus, although most seismologists in the ex- 
ploration industry were graduated as geologists, engineers, 
or physicists, they may have recieved all the undergraduate 
training available in geophysics at their universities. A more 
substantial knowledge of seismic techniques and an under- 
standing of the nature of seismic phenomena adequate for 
higher-level research are obtained only by those few stu- 
dents who follow a graduate program in geophysics. 
Many engineering students should be better acquainted 
with problems of seismology. This could be accomplished 
through simple modifications of existing courses and cur- 
ricula or through the efforts of individual teachers and 
faculties. Such modifications have been held back in some 
schools by the lack of sufficient numbers of professionals 
in geophysics. 
At the graduate level, students appear to reach seismol- 
ogy by way of two principal channels. Geologists, and the 
few bachelor-level geophysicists, take advanced training in 
geophysics because they are intellectually challenged by the 
earthquake phenomenon and its relation to geology and by 
the ability to use earthquake and blast vibrations to obtain 
otherwise unavailable information about the earth's interior. 
Most physicists and mathematicians apparently enter the 
profession because they are challenged by the intricacies of 
such subjects as the generation, transmission, and attenua- 
tion of seismic waves in complex earth structures. 
who obtained the Ph.D. degree with theses relating to seis- 
mology (National Academy of Sciences compilation o f ,  
Ph.D. thesis titles, 1957 to 1966, andBibliography of 
Theses in Geology through 1957, and from 1958 to 1963), 
and this constitutes the source of researchers and teachers 
in the field. The number of doctoral degrees granted an- 
About twenty universities have trained all of the students 
TABLE 2 Median Salaries of Earth Scientists in 1968a 
Work Activity 
Teaching 
Earth Science (academic Explor. 
Subfields yr.) MgtJAdmin. Research and Other 
Solid earth 
geophysics 
Geology 
Paleontology 
Geochemistry 
Hydrology 
Geodesy 
Oceanography 
Geography 
$12,000 
10,700 
10,500 
1 1,000 
11,600 
12,700 
10,000 
- 
$17,300 
17,000 
16,500 
18,000 
15,300 
17,500 
15,800 
15,800 
$14,000 
12,600 
12,900 
13,000 
13,000 
13,300 
13,000 
11,400 
_ _ ~  
$12,600 
12,700 
12,000 
12,500 
11,800 
10,200 
- 
- 
aNational Register of Scientific and Technical Personnel, 1 968, 
National Science Foundation. 
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FIGURE 19 Ph.D.'s granted to geophysicists with theses in seismology. (Based on NAS compilations of thesis titles, 1957-1966; the Bibliog- 
raphy of Theses in Geology through 1967, and from 1958 to 1963; and staff surveys.) 
nually is small (between 10 and 20, in recent years) and 
commonly varies sharply from year to year (see Figure 19). 
The most recent poll of educational institutions by the 
American Geological Institute indicates that the demand 
for earth science graduates at all academic levels is cur- 
rently greater than the supply. 
To make positive advances toward the attainment of the 
goals outlined in this report, manpower in seismology, par- 
ticularly in teaching and research, must be increased. Ad- 
ditional emphasis must be placed on graduate programs that 
will provide teachers for colleges and universities and will 
supply government and private industry with high-caliber 
talent at an increased rate. A more concerted effort must 
be made to bring geophysics to the attention of the under- 
graduate, even though his major may be in another field. 
Experience has shown that manpower requirements can 
be met through emphasis on excellent programs. Exciting 
research attracts high-quality students to a discipline. For 
that reason, the Committee believes that the emphasis of 
this report should be on the recommended programs-and 
manpower will adjust in accordance with the need. 
Before 1930, seismology was generally an “ivory tower” sci- 
ence, and advances in the field were made largely by a few 
university professors who built their own equipment and 
who performed research with very little funding and very 
few data. Federal funding for seismology increased from 
a small beginning of about $10,000 in 1930 to about 
$500,000 in 1958 (see Figure 20). This rise in support was 
accompanied by increasing knowledge about the earth‘s in- 
terior gleaned from the applications of seismological tech- 
niques. Exciting advances were made in basic concepts of 
the structure of the entire earth as well as of the shallow 
structures so important to exploration for oil and mineral 
resources. Advances in instrumentation kept pace with the 
advances in understanding. Federal expenditures increased 
precipitously in the next three years, to almost $30 million 
in 1961 , through Project Vela-Uniform. This project was be- 
gun in response to the urgent need for a better understand- 
ing of seismic phenomena to make possible meaningful in- 
ternational negotiations to limit the testing of nuclear 
weapons. From 1961 to 1967, the general trend was toward 
increasing total expenditures, but at a much reduced average 
growth rate, and funding for basic research in seismology 
has decreased markedly since 1964 (see Figure 21). 
for fiscal years 1960 through 1967. Four categories of ex- 
penditures are shown: total expenditures, including hard- 
ware and large-scale facilities; total expenditures for 
research, exclusive of hardware and large-scale facilities; 
total expenditures for research performed outside govern- 
ment laboratories; and expenditures for research in univer- 
sities and nonprofit organizations (including seismic work 
Figure 21 summarizes federal expenditures in seismology 
at sea and some costs for ship time). All curves show the 
large increment of federal funding associated with the be- 
ginning of the Vela-Uniform Program in 1961. With oc- 
casional exceptions, there has been a general modest in- 
crease in total federal funding for seismology since that 
time. However, since 1964, federal funds for research have 
fallen off drastically. Particularly hard hit have been the 
universities and nonprofit organizations and other nongov- 
ernment research groups. Federal expenditures in support 
of university and nonprofit research decreased from about 
$7 million in 1964 to about $5 million in 1967 (see Figure 
21). This decrease has resulted from a change in emphasis 
of the Vela-Uniform Program of the Advanced Research 
Projects Agency (ARPA), as many of its research goals have 
been realized. This reorientation caused a decrease in ARPA 
research funds from about $7 million in 1964 to between 
$1 and $2 million in 1968. The National Science Founda- 
tion has made a strong effort to ameliorate the situation by 
sponsoring an increasing amount of basic seismological re- 
search, and current NSF expenditures for this work are 
about $2 million, but recent NSF cutbacks have offset this 
gain. The balance of university research (about $1 million) 
is supported by several other federal agencies (NASA, AEC, 
USGS, and ONR). 
ACHl EVEMENTS IN SEISMOLOGY RESULT1 NG FROM 
GOVERNMENT SUPPORT DURING THE PAST DECADE 
In addition to the great strides made in gaining new knowl- 
edge of the earth, one of the most important achievements 
in seismology resulting from federal support during the past 
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FIGURE 20 Federal expenditures for seismology, 
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decade has been the building of scientific talent and facili- 
ties to a level on a par with that of other leading fields of 
science. It is as an extension of this progress that much of 
the future of the science and of its applications to  man’s 
needs can be visualized. 
Another extremely important achievement of the past 
10 years has been the installation of the World-Wide Net- 
work of Standardized Seismograph Stations (see Figure 15). 
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This network has afforded a capability of observing earth- 
quake disturbances on a global scale. The collection of rec- 
ords gathered to date has provided the basic data for a large 
number of seismological investigations. The easy availability 
of these records from a single data center represents a great 
advance over the data exchange procedures of the earlier 
days of the science. Also, patterns of instruments feeding 
into highly advanced data-processing systems have been 
developed and are currently in operation-for example, the 
Large Aperture Seismic Array in Montana. These advances 
have increased our ability to detect small earthquakes and 
nuclear explosions so that detection itself is no longer a 
problem and many of the limitations imposed by ground 
and instrument conditions have become known. 
Advances in the analysis of data have been vast. Signals 
from small or distant seismic events have been enhanced 
above noise level by means of sophisticated techniques such 
as those used in communications theory. In a similar man- 
ner, the fundamental modes of vibration of the entire earth 
have been identified following large earthquakes. Great 
strides have been made in the analysis of propagation paths 
of seismic waves. As a result, major boundaries within the 
earth have been more precisely described and a greatly im- 
proved understanding of the inhomogeneities of layers 
within the earth has been achieved. These accomplishments 
have broad geological implications. 
Theoretical studies, laboratory models, and studies of 
earthquake waves have yielded deeper insights into earth- 
quake source mechanisms. For the first time, the extent of 
rupture and the velocity of its propagation in the rocks at 
the earthquake source can be approximated. The stress 
necessary to rupture rocks under enormous confining pres- 
sures can be estimated, as can the means of occurrence of 
the rupture. Deformations that occur before and after earth- 
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quakes have been measured with much greater precision 
than ever before, and currently such measurements are 
being used as one basis for earthquake prediction. 
Seismologists have played a fundamental role in the de- 
velopment of the new concept of ocean-floor spreading and 
its relation to the older idea of continental drift. It was the 
advances in observational capability as well as the increased 
scientific scope of the field that afforded this opportunity. 
Sea-floor spreading could be one of the most important 
concepts to emerge from the earth sciences in the last 100 
years. It may answer key questions about man's habitat-the 
surface region of the earth-including the genesis and em- 
placement of mineral resources necessary for our industrial 
society . 
RETURNS ON INVESTMENT FOR RESEARCH 
One measure of the economic magnitude of the returns 
from commercial applications of seismology is the $284 
million the federal government received from the petroleum 
industry in 1967 in royalties and rentals for oil and gas 
found on federal lands. This is in addition to the $1.7 bil- 
lion received for bonus payments on leases during that year. 
This income to the federal government, resulting largely 
from the application of seismic methods, is a continuing 
income of considerable magnitude, as shown by Figure 22. 
In large measure, it results from scientific research per- 
formed in preceding years. Early seismic research on the 
continental shelf in the 1930's gave direction to the enor- 
mous exploration program of today. Recently (summer 
1968), deep-sea drilling as part of the JOIDES program 
(Joint Oceanographic Institutions for Deep Earth Sam- 
pling), supported by NSF, resulted in the discovery of evi- 
dence for new and unexpected oil accumulations in the 
bottom of the Gulf of Mexico, beneath 12,000 feet of wa- 
ter. University research yields large dividends in unexpected 
ways. As more is learned about the earth's geological struc- 
tures, processes, and evolution, new concepts will evolve 
that will point the way toward more-fruitful exploration 
for the resources that will be needed by the people of our 
nation in the future. Since seismology offers such a unique 
capability for studying the earth, the federal government is 
urged to support a well-balanced and vigorous effort in seis- 
mology, recognizing that small investments in research have 
yielded big dividends in the past-and will continue to do 
so in the future. 
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FIGURE 22 Federal income from royalties on mineral and fuel resources on leased federal and 
Indian lands, 1959-1968. (USGS) 
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PREVIOUSLY PROPOSED PROGRAMS 
INVOLVING SE ISM0 LOGY 
During the past few years, several programs in seismology 
have been formulated. To date, these have received only 
token support. The Committq on Seismology recommends 
that action be taken to implement effort based on these 
programs at the earliest possible date. For convenience, the 
title and the total proposed funding (in millions of dollars) 
for each are listed below. 
The Denver Earthquakes Program-report of an ad hoc panel of the 
Total budget for four years 
Proposal for a Ten-Year Earthquake Hazards Program *-report of 
an ad hoc Interagency Working Group for Earthquake Research 
of the Federal Council for Science and Technology, June 1967. 
218.0 
Subtotal for seismology 137.5 
Office of Science and Technology, June 1967. 
6.3 
Total budget for ten years 
Solid Earth Geophysics, Survey and Outlook, Publication 123 1, 
Total budget for ten years 571.5 
Subtotal for seismology 170.0 
NAS-NRC, Washington, D.C., 1964. 
Report of the Committee on Earthquake Engineering Research-in 
preparation by the Committee, under the auspices of the NAE- 
NRC, Washington, D.C. 
proposed for earthquake engineering in the Proposal for a 
Total budget for ten years (in addition to the $60 million 
Ten- Year Earthquake Hazards Program, above) 200.0 
A NATIONAL PROGRAM PROPOSED BY THE 
COMMITTEE ON SEISMOLOGY 
The Committee proposes a national program in seismology 
for the next ten years. Expenditures proposed for all items 
are based on currently available information, and the level 
of funding is that which the Committee recommends as 
needed to accomplish the goals outlined in this report. Cur- 
rent federal expenditures for research of the kinds included 
in the proposed program total about $10 million per year 
(see Figure 21). It is recommended that this level be in- 
creased to $35 million by Fiscal Year 1971. Much of this 
increase would go toward new programs in earthquake 
hazard mitigation, prediction, and control. The increase 
would provide the necessary stimulus to get the program 
vigorously under way and would yield a quick response by 
most groups concerned with seismology. The recommended 
total expenditures for the third year is $56.1 million. It is 
extremely important that this level of funding be reached 
early in the program if the needed benefits are to be rapidly 
obtained. A total expenditure of $503 million is recom- 
mended for the ten-year period ending with Fiscal Year 
1981. The Committee on Seismology recognizes that any 
such program should be reviewed at appropriate intervals, 
and it therefore recommends that the status of the proposed 
program be assessed and that a reevaluation of the effort 
be made at the end of a three-year period. 
*The recommendations for funding given in the report entitled 
Earthquake Prediction, by the Ad Hoc Panel on Earthquake Predic- 
tion, September 1965, are included in this report. This report also 
includes proposed 10-yeat funding for work in earthquake engineer- 
ing in the amount of $60 million. 
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PROPOSED NATIONAL PROGRAM AND BUDGET FOR SEISMOLOGICAL RESEARCH OVER THE NEXT 10 YEARS 
(in millions of dollars)" 
First Year Third Year Ten-Year Total 
(FY 1971) (FY 1973) (FY 1981) 
Instrumentation and observation 
Additional facility for acquisition, storage, and dissemination of earthquake data 
(includes limited equipment, supplies, and supporting services necessary for 
quality control of records from the WWSSN) 
facilities and uses) 
New instrumentation (development and acquisition for WWSSN and other 
Regional networks 
Strong-motion instrumentation 
Undersea observation stations 
Earthquake mitigation, prediction, and prevention (exclusive of engineering but 
including fluid injection and related earthquake occurrence) 
Regional and global tectonics and earth structure 
Seismic work at sea and seismicity of the ocean bottom 
Crustal seismology and seismic studies of the deep interior of the earth 
Seismic-geologic field studies (related geological field work) 
Theoretical seismology 
Physics of earthquake processes 
Rock mechanics related to seismology 
High-pressure and high-temperature studies of earth materials 
Source mechanism studies 
Development of seismic techniques for resource development (exclusive of 
industrial effort) 
Seismology related to large explosions 
Seismological studies d ing  large explosive sources (exclusive of cost of devices) 
Nuclear test detection research (exclusive of systems and routine monitoring) 
Basic research for defense applications (communication, small-scale exploration, 
weapons effects, etc.) 
Planetary seismology (study of planets using seismic instruments and methods 
and not including delivery systems) 
Special effects (tsunamis, volcanic eruptions, etc.) 
Research on data processing including array data 
Totals 
0.5 
0.5 
1.0 
0.5 
0.5 
12.0 
4.0 
2.0 
0.5 
0.5 
1.5 
1.0 
0.5 
1.0 
3.0 
2.0 
1.0 
1.0 
1.0 
1.0 
0.6 
1.0 
1.1 
0.6 
2.5 
20.0 
5.0 
3.0 
1.0 
0.8 
1.5 
3.0 
1.0 
1.5 
5.0 
2.0 
1.2 
2.0 
1.3 
2.0 
7.0 
10.0 
12.0 
6.0 
20.0 
175.0 
60.0 
20.0 
12.0 
7.0 
12.0 
15.0 
10.0 
12.0 
35.0 
10.0 
15.0 
25.0 
15.0 
25.0 
35.0 56.1 503.0 
*Exclusive of major items of special-purpose hardware and items involving classified research. 

